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Epithelial cellProtein 4.1R (4.1R) is the prototypical member of the protein 4.1 superfamily comprising of the protein 4.1
family (4.1R, 4.1B, 4.1G and 4.1N) and ERM family (ezrin, radixin and meosin). These proteins in general serve
as adaptors between the membrane and the cytoskeleton. Here we show that 4.1R expressed in the gastric
epithelial cells associates with adherens junction protein β-catenin. Biochemical examination of 4.1R-
deﬁcient stomach epithelia revealed a selective reduction of β-catenin which is accompanied by a weaker
linkage of E-cadherin to the cytoskeleton. In addition, organization of actin cytoskeleton was altered in 4.1R-
deﬁcient cells. Moreover, histological examination revealed that cell–cell contacts are impaired and gastric
glands are disorganized in 4.1R null stomach epithelia. These results demonstrate an important and
previously unidentiﬁed role of 4.1R in linking the cadherin/catenin complex to the cytoskeleton through its
direct interaction with β-catenin and in regulating the integrity of adherens junction.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
4.1R is the prototypical member of the 4.1 superfamily, comprising
the protein 4.1 family 4.1R[1], 4.1B [2], 4.1G [3], and 4.1N [4] and those
of the ERM family ezrin [5], radixin [6] and moesin [7]. All have in
common a structure comprising of two conserved domains: an
N-terminal membrane binding domain associating with various
membrane proteins, and an actin-binding domain interacting with
actin. Thus these proteins in general serve as a bridge between
membrane proteins and the actin cytoskeleton.
4.1R was ﬁrst discovered in red blood cells where its function has
been well studied. In both human and mouse red blood cells 4.1R was
shown to stabilize the spectrin–actin based membrane skeletal
network [8,9] and anchor it to the overlying lipid bilayer through
interactions with the cytoplasmic domains of several transmembrane
proteins [10,11]. Many subsequent studies revealed that 4.1R is
expressed in a variety of nucleated cells and is located in several
different sub-cellular compartments [12–15], from which its multi-
functional character was inferred. Thus it has been shown that 4.1R is
expressed in epithelial cells of kidney and in the Madin–Darby canine
kidney cell line [16,17], implying a role in the physiology of epithelial
cells, which, however, was not further explored.ry, New York Blood Center, 310
0 3247; fax: +1 212 570 3195.
ll rights reserved.Epithelial cells are polarized cells with three domains: apical
domain, basal domain and lateral domain. The apical domain is
exposed to the lumen or external environment. The basal domain is
associated with a basal lamina that separates the epithelium from
underlying connective tissue. The lateral domain faces neighboring
epithelial cells that are attached to each other by junctional complexes
and adhesion molecules. There are two major junctional complexes on
the lateralmembrane: tight junctions and adherens junctions. The tight
junction is a specialized membrane domain at the apical extremes of
the lateral membrane of the polarized epithelial cells, representing the
primary barrier against paracellular transport of solutes [18]. Adherens
junctions (AJs) are cadherin/catenin-containing adhesive structures,
located below the tight junctions on the bilateral membrane.
Cadherin-mediated AJs play important roles in the formation and
maintenance of intercellular adhesive interactions [19,20]. In stomach
epithelia, E-cadherin, the archetypic member of the cadherin family,
forms the core of the cadherin/catenin complex. E-cadherin physically
links neighboring cells together through the homophilic interaction of
its extracellular domain [21]. Cadherin adhesion complexes interact
with the actin cytoskeleton in a complex fashion that is still poorly
understood. The current view is that E-cadherin is linked to the actin
cytoskeleton by its direct interaction with β-catenin which in turn
binds to the actin-binding proteinα-catenin [22,23]. In addition, there
are a group of molecules that associated either constitutively or
transiently with the complex and have the potential to affect the
complex. This includes p120 catenin [24], IQGAP [25] and maybe
others yet unidentiﬁed.
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epithelial cells by examining stomach epithelia of normal and 4.1R-
deﬁcient mice. Our results demonstrated that 4.1R is a component
of adherens junctions and that lack of 4.1R resulted in reduction of
β-catenin which in turn led to weakened attachment of E-cadherin to
actin cytoskeleton and the subsequent impaired cell–cell contact.
2. Materials and methods
2.1. Generation and use of 4.1R knockout mice
The generation of 4.1R knockout mice has been described
previously [9]. The mice were backcrossed onto C57BL/6 background
and inbred for more than 20 generations. All the mice were
maintained at the animal facility of New York Blood Center under
speciﬁc pathogen-free conditions, according to institutional guide-
lines. Animal protocols were reviewed and approved by our Institu-
tional Animal Care and Use Committee.
2.2. Generation of anti-4.1R antibodies
Four polyclonal antibodies against 4.1R were raised in rabbit or
goat using His-tagged recombinant exon13, synthetic exon17b peptide
(SVNGIRTEEVATVTKGPST), exon18 peptide (KSEIPTKDVPIVHTETK)
and exon19 peptide (TDDNSGDLDPGVLLTAQTITSETPSSTTTTQITK) as
antigens. Exon 13 is a constitutive exon and exon17b, exon18 and
exon19 are alternative exons. The sequences of these peptides are
unique to 4.1R and do not share any homology with 4.1G, 4.1N and
4.1B. The antibodies were afﬁnity puriﬁed on Sulfolink Coupling Gel
(Pierce Biotechnology, Inc.). Antibody speciﬁcity was examined by
Western blotting using recombinant 4.1R, 4.1G, 4.1N and 4.1B. The 4.1R
antibodies did not recognize other members of the protein 4.1 family.
2.3. Preparation of recombinant proteins
The sub-cloning and expression of His-tagged full length 4.1R
80 kDa and the 10 kDa spectrin–actin-binding domain of 4.1R were
described previously [26,27]. The His-tagged 30 kDa membrane
binding domain of 4.1R (also called FERM domain) was cloned into
the pET31b(+) vector (Novagene, Madison, MI) using NsiI and XhoI
sites upstream and downstream respectively. His-tagged 16 kDa and
22/24 kDa fragments of 4.1R were sub-cloned into pET28b(+) vector
(Novagene, Madison, MI) using NcoI and XhoI. β-catenin was sub-
cloned into pGEX-4T-2 vector using BamHI and SalI cloning sites.
α-catenin and cytoplasmic domain of E-cadherin (a.a. 733–884) was
sub-cloned into pGEX-4T-2 vector using EcoRI and SalI cloning sites.
The templates used for the ampliﬁcation of β-catenin, α-catenin and
E-cadherin were from Addgene, GeneCopoeia or Origene respectively.
The ﬁdelity of all constructs was conﬁrmed by DNA sequencing. The
cDNA was transformed into E. coli BL21 (DE3) for protein expression.
The His-tagged 4.1R and its domains were puriﬁed by Nickle column
and the GST-tagged β-catenin, α-catenin and cytoplasmic domain
of E-cadherin were puriﬁed by glutathione sepharose-4B afﬁnity
column.
2.4. GST pull-down assay
To examine the binding of 4.1R or its domains to β-catenin,
α-catenin or E-cadherin, GST, GST-tagged β-catenin, α-catenin or
cytoplasmic domain of E-cadherin was coupled to glutathione
sepharose-4B beads at room temperature for 30 min. Beads were
pelleted and washed. His-tagged 4.1R or its domain was added to the
beads in a total volume of 100 μl. The ﬁnal concentrations of both
coupled protein and the protein in solution were 1 μM. The mixture
was incubated for 1 h at room temperature, pelleted, washed and
eluted with 10% SDS. The pellet was analyzed by 15% SDS-PAGE, andprotein brought down was detected by Western blotting, using anti-
His antibody.
2.5. Immunoblot analysis
Total protein from gastric epithelium was prepared as follows:
adult mice were killed and the stomachs rapidly removed and ﬂushed
with PBS containing protease inhibitor cocktail (Sigma-Aldrich).
Gastric corpus mucosa was extracted and homogenized by sonication
in 0.32 M sucrose, 0.01 M HEPES (pH 7.4), 2 mM EDTA, 1 mMDTT, and
protease inhibitor cocktail. The homogenate was spun at 900 g for
5 min to remove whole cells and debris. After centrifugation, the
supernatant protein (20 μg samples) were analyzed on an 8% SDS-
PAGE gel, and transferred to nitrocellulose membrane (Bio-Rad). The
membranes were probed with rabbit anti-4.1R exon13, exon17b,
exon18, exon19, rabbit polyclonal anti-β-catenin (1:2000,
eBioscience), rabbit anti-α-catenin (1:2000, abcam), mouse anti-
p120ctn (1:5000, Sigma-Aldrich), rat anti-E-cadherin (1:2500,
Zymed), rabbit anti-ZO1 (1:5000, abcam), rabbit anti-occludin
(1:1000, Zymed) or rabbit anti-GAPDH (1:200,000, Sigma-Aldrich)
antibodies, followed by HRP-conjugated goat anti-rabbit or anti-rat
IgG (Jackson Immuno Research). The ﬁlm was developed using
Renaissance chemiluminescence detection kit (Pierce Biotechnology,
Inc.).
2.6. Co-immunoprecipitation
Gastric mucosa from wild-type or 4.1R−/− mice was lysed in ice-
cold buffer containing 50 mM HEPES (pH 8.3), 420 mM KCl, 0.1% NP-
40, 1 mM EDTA, 1 mM DTT and protease inhibitor cocktail for 30 min.
After centrifugation at 16,000 g at 4 °C for 10min, the supernatant was
collected and protein concentration was estimated by the Bradford
method with BSA as standard. 250 μg of extract was incubated with
2.5 μg of goat anti-4.1R exon13 polyclonal antibody or pre-immune
IgG in 500 μl Co-IP buffer (Activemotif) at 4 °C for 1 h with rotation.
The immunoprecipitate was isolated on immobilized Protein G
agarose beads (Pierce) and separated by 10% SDS-PAGE followed by
transfer to nitrocellulose membrane. The membrane was probed with
rabbit anti-4.1R exon13 antibody and rabbit anti-β-catenin antibody.
2.7. Histology
Adult mice were anesthetized with pentobarbital and perfused
through the heart with 10 ml of 4% paraformaldehyde (PFA) in PBS
(pH7.4) to ﬁx tissues in vivo. Then a strip of stomach tissue along the
line of greater curvature from the cardia to the pylorus was dissected,
further ﬁxed in 10% neutral buffered-formalin for 24 h and embedded
in parafﬁn with cut surface ﬂat for horizontal sectioning. 4 μm-thick
sections were subjected to hematoxylin and eosin (H&E) staining.
2.8. Immunohistochemistry
Parafﬁn-embedded tissue sections, 4 μm-thick, were dewaxed in
xylene and rehydrated in descending concentrations of ethanol.
Antigen retrieval was achieved by boiling the sections in 10 mM
citrate buffer for 20 min. Sections were incubated overnight at 4 °C
with the following primary polyclonal antibodies: rabbit anti-4.1R
exon13 (1:50), rabbit anti-β-catenin (1:40), and rat anti-E-cadherin
(1:50). After thorough washing with TBS-T (0.05 M Tris, pH7.4, 0.15 M
NaCl, 0.1% Tween 20), the sections were treated with horseradish
peroxides (HRP) conjugated secondary antibodies (DakoCytomation,
Inc.) for 40 min at room temperature and developed with the liquid
diaminobenzidine (DAB)+ substrate chromogen system (DakoCyto-
mation, Inc.). The nucleus was counterstained with hematoxylin
(DakoCytomation, Inc.) and images were acquired with a Leica DM
2000 microscope (Leica Microsystems, Inc.).
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The scraped gastric mucosa were immersed in 200 μl buffer
containing 5 mM sodium phosphate (pH7.0), 150 mM NaCl, 0.5%
Triton X-100, mixed well and incubated on ice for 1 h. After
centrifugation at 14,000 rpm for 10 min, the supernatants were
separated, and the pellets were re-suspended in 200 μl the above
buffer. Then, both the supernatants and pellets were subjected to
Western blotting analysis with rat anti-E-cadherin antibody (Zymed)
or rabbit anti-occludin antibody (Zymed).
2.10. Immunoﬂuorescence
Mice were perfused with 4% PFA as described above, the stomach
tissues were dissected and embedded in optimal cutting compound
(OCT) (Sakura Finetek, U.S.A.), and snap-frozen in liquid nitrogen.
6 μm-thick cryosections were cut in a cryostat, further ﬁxed and
treated with 4% PFA and 0.1% Triton X-100 for 20 min at room
temperature, and blocked with 10% horse serum and 1% BSA for 1 h at
room temperature. The sectionswere incubated overnight at 4 °C with
goat polyclonal anti-4.1R exon13 antibody (1:100), followed by Alexa
488 conjugated donkey anti-goat IgGs (Molecular Probes). After
blocking again, the rabbit anti-β-catenin antibody (1:100) or rabbit
anti-ZO1 antibody (1:200) were applied, followed by Alexa 594
conjugated donkey anti-rabbit IgGs (Molecular Probes). Sections were
mounted and observed with a Nikon Eclipse E600 epiﬂuorescence
microscope (Nikon Inc., Japan).Fig. 1. Expression and localization of protein 4.1R on gastric epithelia. (A) Western blotting a
mucosa were probed with antibodies against 4.1R exon13, exon17b, exon18 and exon19, wh
antibodies only detected the ∼100 kDa band. (B–E) Immunolocalization of 4.1R on gastric
middle part of the gastric glands, where parietal cells predominate (B, 20×). Part of the neck
section, 40×). Note positive signal mainly on the bilateral membrane of the cells. No stainin2.11. Phalloidin staining
Frozen sections were ﬁxed with 4% PFA and blocked with 1% BSA
for 20 min at room temperature, then stained with 1 U Texas Red-X
phalloidin (Molecular Probes) for 40 min at room temperature. After
washing 3 times with PBS, the sections were mounted in ﬂuorescence
mounting media containing DAPI (Vector) and observed under Nikon
Eclipse E600 ﬂuorescence microscope (Nikon Inc., Japan).
3. Results
3.1. Expression and localization of 4.1R in gastric epithelium
It has been shown that 4.1R is expressed in epithelial cell lines. But
the role of 4.1R in epithelial biology in situ remains unexplored. As the
ﬁrst step to study the role of 4.1R in epithelial cell biology, we
examined the expression and localization of 4.1R in the epithelial cells
of various tissues. We found that 4.1R is widely expressed and
localized at the lateral membrane of various epithelial cells (our
unpublished observation) and it is strongly expressed in the epithelial
cells of stomach. Thus the present study is focused on the gastric
epithelia. We ﬁrst performed Western blotting analysis using four
anti-4.1R antibodies which target the constitutive exon 13 and the
alternative exons 17b, 18 and 19. Fig. 1A shows that all antibodies
revealed a ∼100 kDa band in gastric epithelial cells of 4.1R+/+ mice,
but not in those of 4.1R−/− mice. Anti-exon 13 antibody detected an
additional ∼80 kDa band which was not recognized by anti-exon 17b,nalysis of 4.1R from gastric mucosa. Total cell lysates fromwild-type and 4.1R−/−mice
ile anti-exon 13 antibody detected an ∼80 kDa and a ∼100 kDa band, the other three
epithelia. 4.1R is expressed in all layers of gastric epithelia, with strong staining in the
region was observed under higher magniﬁcation (C, longitudinal section; D, transverse
g was observed in corresponding sections from 4.1R−/− mice (E, 20×).
Fig. 2. Association of 4.1Rwith β-catenin. (A) Co-localization of 4.1Rwith β-catenin. Frozen sections fromwild-type stomachwere co-stainedwith goat anti-4.1R exon13 antibody (green)
and rabbit anti-β-cateninantibody(red).Merged image shows that 4.1Rco-localizeswithβ-cateninon thebilateralmembrane. (B)4.1Rdoes not co-localizewithZO-1. Frozensections from
wild-type stomach were co-stained with goat anti-4.1R exon13 antibody (green) and rabbit anti ZO-1 antibody (red). Merged image shows distinct localization of 4.1R and ZO-1. (C) Co-
immunoprecipitation of β-catenin with 4.1R. 4.1R was immunoprecipitated from 4.1R+/+ gastric mucosa lysate using anti-4.1R or pre-immune IgG. 4.1R or β-catenin in the
immunoprecipitate was detected using anti-4.1R antibody (upper panel) or anti-β-catenin antibody (lower panel) respectively. Note that β-catenin was brought down with 4.1R. (D)
Binding of 4.1R to β-catenin. RecombinantHis-tagged 4.1Rwas incubatedwith GST, GST-taggedβ-catenin, GST-taggedα-catenin or GST-tagged cytoplasmic domain of E-cadherin. Binding
was assayed by pull-down assay, using anti-His antibody for detection. Note that 4.1R only bound to β-catenin. (E) Binding of 4.1R domains to β-catenin. Recombinant His-tagged 4.1R
domains (FERM domain; SABD: spectrin–actin-binding domain; CTD: C-terminal domain) were incubated with GST-tagged β-catenin. Binding was assayed as above, using anti-His
antibody for detection. Note that only FERM bound to β-catenin.
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these three alternative exons. Immunohistochemical staining using
anti-exon 13 showed that 4.1R is expressed in the entire layer of
stomach epithelium, including surface mucous cells, mucous neck
cells, parietal cells and basal chief cells (Fig. 1B). From longitudinal
(Fig. 1C) and transverse sections (Fig. 1D) it can be seen that 4.1R is
predominantly located at the bilateral membrane with very weak
staining in the cytosol. No staining was observed in 4.1R−/− gastric
epithelial cells (Fig. 1E).
3.2. Association of 4.1R with adherens junction protein β-catenin
The bilateral localization of 4.1R suggests its association with
adherens junction. To examine whether 4.1R is a component of
adherens junction, we performed immunoﬂuorescence double stain-
ing of 4.1R and β-catenin, the hallmark of adherens junctions. Fig. 2A
revealed almost identical staining pattern for 4.1R and β-catenin and
merged image demonstrated that 4.1R co-localized with β-catenin. No
co-localization was observed between 4.1R and tight junction protein
ZO-1 (Fig. 2B). These ﬁndings suggest that 4.1R is a component of
adherens junction. To conﬁrm the association between 4.1R and β-
catenin, we performed co-immunoprecipitation assay. As Fig. 2C
shows, β-cateninwas co-precipitated with 4.1R from a gastric mucosa
lysate by anti-4.1R antibody but not by pre-immune IgG. We further
performed in vitro GST pull-down binding assay. As shown in Fig. 2D,
4.1R bound to the GST-tagged β-catenin, but not to GST-tagged α-catenin, cytoplasmic domain of E-cadherin or GST alone. Furthermore,
only the 30 kDa FERM domain, but not other domains of 4.1R binds to
the GST-conjugated β-catenin (Fig. 2E). These results demonstrate
that the FERM domain of 4.1R speciﬁcally interacts with β-catenin.
3.3. Selective reduction of β-catenin in 4.1R-deﬁcient gastric epithelial
cells
Having demonstrated the direct and speciﬁc interaction between
4.1R and β-catenin, we then examined the effect of lack of 4.1R on
junction proteins. Fig. 3A shows that while β-cateninwas signiﬁcantly
decreased in 4.1R-null gastric epithelia, α-catenin and p120 catenin
were unaltered. No decrease was observed in the expression of two
tight junction proteins ZO-1 and occludin. Immunohistochemistry
also revealed diminished staining of β-catenin in 4.1R null cells (Fig.
3B). To explore the mechanisms by which lack of 4.1R led to reduction
of β-catenin, we compared the transcripts of β-catenin in wild-type
and 4.1R null gastric mucosa by real time RT-PCR and we found no
difference (data not shown). These ﬁndings demonstrate that lack of
4.1R selectively affects β-catenin, probably by affecting the stable
assembly of β-catenin into adherens junctions.
3.4. Weakened attachment of E-cadherin to the cytoskeleton
β-catenin plays an important role in linking E-cadherin to the actin
cytoskeleton [28–30]. We then compared the distribution, expression
Fig. 3. Selective reduction of β-catenin in 4.1R−/− gastric epithelia. (A) Western blotting analysis. Expression of β-catenin, α-catenin, p120 catenin, ZO-1 and occludin in gastric
mucosa was examined by Western blotting analysis. Note the selective reduction of β-catenin in 4.1R−/− gastric mucosa. (B) Immunohistochemistry. β-catenin was stained in
parafﬁn-embedded wild-type and 4.1R−/− stomach tissue sections. Note the staining of β-catenin on the bilateral membrane of wild-type gastric epithelial cells (left panel) and the
reduction of it in the 4.1R−/− stomach.
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and 4.1R−/− gastric epithelia. Immunostaining and Western blotting
revealed no differences in E-cadherin distribution and expression inFig. 4. Weakened attachment of E-cadherin to cytoskeleton in 4.1R−/− gastric epithelia.
E-cadherin is located at the bilateral membranes of both wild-type (A) and 4.1R−/−(B) gastr
cell lysates frommucosa of wild-type and 4.1R−/−mice were probed with anti-E-cadherin a
used as loading control. (D) Increased detergent extractability of E-cadherin from 4.1R−/−
gastric mucosa with buffer containing 0.5% Triton X-100. Western blotting analysis was per
E-cadherin in the pellet fromwild-type samples, the greater part is recovered in the supernat
protein occludin between wild-type and 4.1R−/−.wild-type and 4.1R−/− gastric epithelia (Fig. 4A–C). On the other
hand, E-cadherin was more readily extracted by non-ionic detergent
from 4.1R−/− than fromwild-type stomach mucosa (upper panel, Fig.(A and B) Immunostaining of E-cadherin in wild-type and 4.1R−/− gastric epithelia.
ic epithelial cells. (C) Western blotting analysis of E-cadherin from gastric mucosa. Total
ntibody. No difference was observed betweenwild-type and 4.1R−/−mice. GAPDH was
gastric mucosa. Transmembane proteins were extracted from wild-type and 4.1R−/−
formed using anti-E-cadherin or anti-occludin antibodies. Note retention of the bulk of
ant from 4.1R−/− samples. No difference was observed in the retention of tight junction
1463S. Yang et al. / Biochimica et Biophysica Acta 1788 (2009) 1458–14654D). As a control, the lack of 4.1R (and the subsequent reduction of β-
catenin) had no effect on the detergent extractability of tight junction
protein occludin (lower panel, Fig. 4D). It thus appears that the
reduced β-catenin in 4.1R−/− epithelial cells speciﬁcally leads to
weakened attachment of E-cadherin to the cytoskeleton.
3.5. Altered actin cytoskeleton organization in 4.1R−/− gastric epithelial
cells
4.1R was ﬁrst discovered as a red cell cytoskeleton protein and
the lack of 4.1R resulted in altered actin cytoskeleton organization in
both human and mouse red cells [31,32]. To determine whether 4.1R
also has effect on actin assembly in gastric epithelial cells, we
stained the permeabilized cells with rhodamine–phalloidin. Images
shown in Fig. 5 are taken from the middle part of the gastric glands,
where parietal cells predominate. It is important to point out that
one of the distinct morphological features of parietal cell is its
intracellular secretory canaliculus system, formed by an invagination
of the apical cell surface and continuous with the lumen of the
gastric gland. This structure is rich in actin and distributed around
nucleus. Fig. 5A and C show that whereas F-actin in the wild-type
cells is concentrated around the nucleus, with a sharp, well-deﬁned
thread-like pattern, displaying the intracellular secretory canalicular
system, in the 4.1R−/− cells it is uniformly distributed throughout
the cytoplasm (Fig. 5B and D). We conclude that as in red cells, 4.1R
also plays an important for normal actin cytoskeleton organization
in gastric epithelial cells.Fig. 5. Impaired F-actin cytoskeleton organization in 4.1R−/− gastric epithelial cells.
F-actin ﬁlaments were stained with rhodamine–phalloidin. Inwild-type cells (A and C),
actin ﬁlaments are distributed in a sharp, well-deﬁned thread-like pattern around
nucleus (displaying the intracellular secretory canalicular system), in the 4.1R−/− cells
(B and D) it is uniformly distributed throughout the cytoplasm. Blue is DAPI staining for
the nucleus. Magniﬁcations: ×40 (A, B); ×100 (C, D).3.6. Disorganized glands and discohesive cell–cell contact of 4.1R−/−
gastric epithelia
To determine the effect of 4.1R deﬁciency on the overall structure
of the stomach epithelia, we examined H&E-stained sections from 22
wild-type (14 male and 8 female) and 22 4.1R−/− (14 male and 8
female) adult mice, aged from3 to 15months. Fig. 6A shows that wild-
type gastric glands were well organized with sharply outlined and
closely-packed cells, while those of the 4.1R−/− gastric glands were of
irregular appearance, with irregular contours and loose cell–cell
contacts (Fig. 6B). Fig. 6C and D are transverse sections of wild-type
and 4.1R null gastric glands respectively. They revealed that while the
wild-type cells are mainly pyramidal or polygonal in outline (Fig. 6C),
most of those in the 4.1R−/− stomach present a rounded appearance,
with short lateral membranes (Fig. 6D). Importantly, while cell–cell
contacts are tight in wild-type gastric epithelia (Fig. 6C), they are
much less tight in 4.1R−/− mice (Fig. 6D). These in vivo ﬁndings
conﬁrm an important role for 4.1R in the formation of normal cell–cell
interactions in gastric epithelial cells.
4. Discussion
The ubiquitous nature of the 4.1 superfamily proteins has become
increasingly clear in recent years, as also have their multifarious
functions [12–16]. Yet nearly all such studies have been conducted on
cell lines, and the function in situ have been barely touched on. In the
present study, we show that 4.1R is a component of adherens junction
and it speciﬁcally associates with β-catenin in gastric epithelial cells.
Using 4.1R knockout mice, we have shown that 4.1R is required for
cell–cell adhesion and actin cytoskeleton organization. These ﬁndings
have enabled us to establish the role of 4.1R in linking cadherin/
catenin complex to the cytoskeleton through its direct interaction
with β-catenin and in regulating the integrity of adherens junction.
The current view about the connection between E-cadherin/
catenin complexes and the cytoskeleton is that E-cadherin binds to β-
catenin which in turn is linked to the actin skeleton through its
interaction with α-catenin. The ﬁndings from the present study that
4.1R (also an actin-binding protein) speciﬁcally binds to β-catenin and
that deﬁciency of 4.1R resulted in signiﬁcant reduction of β-catenin
provide strong evidence that 4.1R is another linker for β-catenin. A
working model that accounts for our results in conjunction with
previous ﬁndings is shown in Fig. 7. In wild-type cell (Fig. 7A), E-
cadherin/catenin complex is ﬁrmly attached to the actin cytoskeleton
by both α-catenin and 4.1R, which ensures the proper adhesive
activity of E-cadherin. In 4.1R null cell (Fig. 7B), β-catenin is reduced
and the remaining β-catenin is linked the actin cytoskeleton only by
α-catenin. This resulted in the weakened attachment of E-cadherin to
the skeleton and the impaired cell–cell adhesion since it has been
shown that the association of E-cadherin with cytoskeleton strength-
ens its adhesion activity [33]. In addition, actin is also disorganized.
The concept that α-catenin is a linker for β-catenin is based on the
ﬁndings thatα-catenin binds to both β-catenin [34] and actin ﬁlament
[35,36] in vitro. However, it is interesting to note that knockout and/or
knockdown of α-catenin has no effect on expression levels of
β-catenin and other AJs proteins [37–39]. It is tempting to speculate
that 4.1R may be compensating for α-catenin in these occasions.
The conclusion that 4.1R and other members of the protein
superfamily act as linker proteins is derived mainly from studies on
red cells, inwhich 4.1R deﬁciency results in reduction of its membrane
attachment proteins, p55 [40] and glycophorin C [41], alterations in
the spectrin–actin membrane cytoskeleton [31] and destabilization of
the membrane [8,42]. No similar function for 4.1R in non-erythroid
cells has previously been demonstrated. We have shown here that in
gastric epithelial cells lack of 4.1R leads to reduced expression of its
membrane partner, β-catenin, reduced retention of E-cadherin and
altered actin cytoskeletal organization, implying that a bridging
Fig. 6. Disorganization of glands and impaired cell–cell adhesion of 4.1R−/− gastric epithelia. (A and B) The images are of H&E-stained sections of wild-type and 4.1R−/− gastric
epithelia under 40×magniﬁcation. Note the disorganized glands of 4.1R−/− gastric epithelium. (C and D) Enlarged images from A and B reveal tightly packed cells and pyramidal or
polygonal parietal cells in the wild-type. Note the irregular outline of gastric glands, rounded cells with short lateral membranes and loose cell–cell contact in 4.1R−/− gastric
epithelia.
1464 S. Yang et al. / Biochimica et Biophysica Acta 1788 (2009) 1458–1465function for 4.1R is a general phenomenon in many non-erythroid
cells.
Members of 4.1 family are expressed in practically all types of
epithelial cells, but in few cases have their functions in the cell been
identiﬁed. In the context of present study, it should be noted that
unlike 4.1R, 4.1B, 4.1G and 4.1N are not localized to the bilateral
membrane of stomach epithelial cells (our unpublished data). Besides
4.1R and 4.1B KO mice [43], we have recently generated 4.1G and 4.1N
KOmice. We expect future studies on epithelial cells of these different
knockout mice will enable us to gain more explicit insights into the
functions of these proteins in epithelia biology.
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